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The o b j e c t i v e s  of t h i s  s tudy  are t o  develop an a n a l y t i c a l  method f o r  
p r e d i c t i n g  t h e  behavior  of t h e  flow through t u b i n g - f i t t i n g  systems f o r  s teady-  
state and t r a n s i e n t  flow condi t ions ;  t o  o b t a i n  experimental  eva lua t ion  of t h e  
p re s su re  l o s s e s  i n  flow systems such as those  encountered i n  modern r o c k e t s ,  
t o  i nc lude  f l e x i b l e  connectors  p r imar i ly ;  and t o  c o r r e l a t e  t h e  r e s u l t s  of 
t h e  a n a l y t i c a l  p r e d i c t i o n s  wi th  the  experimental  observa t ions .  
A s  descr ibed  i n  t h e  In t e r im  Report ,  1965, a c o r r e l a t i o n  equat ion  has  
been developed and an  experimental  system has been cons t ruc ted  from which 
d a t a  on l o s s e s  i n  f l e x i b l e  connectors has  been c o l l e c t e d .  
During t h i s  r e p o r t  per iod ,  primary e f f o r t  has  been d i r e c t e d  a t  extending 
t h e  l i t e r a t u r e  review, refinement of t h e  flow systems a n a l y s i s  i n  o r d e r  t o  ga in  
b e t t e r  agreement between p r e d i c t i o n  and observa t ion ,  and t h e  s tudy  of en t r ance  
e f f e c t s  i n  f l e x i b l e  m e t a l  hoses.  
ANALYTICAL CONSIDERATIONS 
9, A. Flow Losses i n  F l e x i b l e  Metal Hose 
The c o r r e l a t i o n  equat ion  which w a s  p resented  i n  Quar te r ly  Progress  
c 
Report No. 5 remains as t h e  b e s t  a n a l y t i c a l  r e p r e s e n t a t i o n  of t h e  d a t a  
obtained t o  da t e .  
t h e  agreement of a c o r r e l a t i o n  equat ion wi th  t h e  d a t a  which has  been c o l l e c t e d  
a t  M i s s i s s i p p i  State  Univers i ty .  
E f f o r t s  w i l l  be  made during t h e  next  q u a r t e r  t o  improve 
B . Sys t e m  Analysis  
The computer program t o  p red ic t  t he  p re s su re  drop i n  an  a r b i t r a r y  flow 
system has  been modified dur ing  the  r e p o r t  pe r iod  t o  inco rpora t e  p re s su re  
drop r e l a t i o n s  obta ined  from reference  [l]. 
p r e s s u r e  d i f f e r e n t i a l  ac ross  abrupt con t r ac t ions  and expansions and are based 
upon t o t a l  and s t a t i c  p res su re  r a t i o s  r a t h e r  than  on a l o s s  c o e f f i c i e n t .  
Benedict  -- e t  a1 Ll] g ive  equat ions  p r e d i c t i n g  t h e  p re s su re  d i f f e r e n t i a l  more 
a c c u r a t e l y  f o r  compressible flow than does t h e  use  of a l o s s  c o e f f i c i e n t  
based on incompressible  flow. 
. Those r e l a t i o n s  determine t h e  
Having modified t h e  program, an a n a l y s i s  w a s  performed on a s e c t i o n  
of t h e  test l i n e  t o  determine i ts  pressure  drop c h a r a c t e r i s t i c s .  The s e c t i o n  
of l i ne  considered is  shown schematiely i n  F igure  1 and inco rpora t e s  most of 
t h e  components t h a t  have been considered i n  t h e  a n a l y s i s ,  The r e s u l t s  of t h e  
a n a l y s i s  are given i n  Figure 2 which p resen t s  t h e  p red ic t ed  p res su re  drop 
through the  l i n e  as a func t ion  of mass f lowra te .  It  should be  noted t h a t  t h e  
1 inch d iameter ,  10 f e e t  long f l e x i b l e  metal hose i n  t h e  l i n e  produces t h e  
major p re s su re  drop;  approximately 87% of t h e  t o t a l  drop a t  a mass flow rate 




To a s c e r t a i n  t h e  accuracy of the p red ic t ed  p res su re  drop, experimentat ion 
w a s  performed on t h e  test l i n e  descr ibed above. The p res su re  drop w a s  ob ta ined  
from a 10 f t .  mercury manometer. Volumetric f lowra te s  w e r e  obtained from t h e  
Cox t u r b i n e  flowmeter. This w a s  then converted t o  m a s s  f low rate.  The exper i -  
m a t a l  d a t a  t hus  determined are a l s o  presented  i n  F igure  2 which i s  a comparison 
of t h e  p red ic t ed  p res su re  drop wi th  t h i s  da t a .  A s  can be  seen  from t h e  F igure  2 ,  
t h e  p red ic t ed  p res su re  drop agrees  c lose ly  wi th  t h e  measured p res su re  drop except  
a t  very  low f lowra te s ,  where t h e  e r r o r  i s  approximately 25%. A t  h ighe r  f lowra te s ,  
g r e a t e r  t han  0 .1  IbmJsec, t h e  e r r o r  i s  on t h e  o rde r  of 4-5%. 
I n  o rde r  t o  analyze t h e  e n t i r e  system, i t  w a s  requi red  t h a t  t he  p re s su re  
loss c h a r a c t e r i s t i c s  of t h e  pressure  r e g u l a t o r  b e  determined. A s  a p res su re  
r e g u l a t o r  w i l l  have an  i n d e f i n i t e  number of l o s s  c o e f f i c i e n t s  depending upon t h e  
p r e s s u r e  s e t t i n g ,  i t  w a s  decided t h a t  l o s s  c h a r a c t e r i s t i c s  would be  determined 
w i t h  t h e  r e g u l a t o r  se t  a t  i t s  maximum s e t t i n g ,  i. e. ,  f u l l y  opened. Under t h e s e  
c o n d i t i o n s ,  a loss c o e f f i c i e n t ,  K ,  was determined from 
where : 




is  the d e n s i t y  i n  lbm/ft’ 
is the f l u i d  v e l o c i t y  i n  f t / s e c 2  
The d a t a  obta ined  are presented i n  Figure 3 as a func t ion  of Reynolds 
The c o r r e l a t i o n  equat ion  f o r  t h i s  d a t a ,  number based on t h e  p ipe  diameter .  
which w i l l  be  used i n  t h e  system a n a l y s i s ,  i s  given as 
-1.84 
K = 3.65 X ReD ; 2 x lo4  - < R e  2 2 x l o 5  
4 
During t h e  r e p o r t  pe r iod ,  blowdown tests were begun which w i l l  be  used 
t o  v e r i f y  t h e  flow system p red ic t ions  obta ined  from t h e  computer s o l u t i o n .  
The test cons i s t ed  of a l lowing t h e  2000 f t 3  s t o r a g e  v e s s e l  t o  ven t  down 
from a high i n i t i a l  p re s su re  whi le  recording t h e  p re s su re  and temperature.  
These curves are presented  i n  Figure 4 .  
The primary purpose of t h e  i n i t i a l  test w a s  t o  determine t h e  po ly t rop ic  
exponent t o  b e  used t o  relate temperature t o  p re s su re  i n  the  tank  dur ing  vent ing .  
It was found t h a t  t h i s  exponent w a s  approximately 1.04. 
Curren t ly  a d d i t i o n a l  ins t rumenta t ion  is being i n s t a l l e d  t o  record t h e  
flow rates dur ing  vent ing  on s t r i p  c h a r t s  r a t h e r  than  ob ta in ing  them as a 
d i g i t a l  read ou t .  
C.  R e v i e w  of Flow Over a Rough Surface.  
The f i r s t  of several i t e m s  considered during t h i s  r e p o r t  per iod  w a s  an 
The i n v e s t i g a t i o n  of t h e  p o s s i b i l i t y  of us ing  momentum i n t e g r a l  techniques.  
q u e s t i o n  posed w a s  whether o r  no t  such techniques app l i ed  t o  a flow wi th  a 
convoluted boundary might p r e d i c t  t he  i n c r e a s e  i n  f r i c t i o n  f a c t o r  which has 
been found. I f  one wri tes  t h e  r-momentum equat ion  f o r  t u r b u l e n t  p ipe  flow 
under t h e  assumption of r o t a t i o n a l  symmetry i n  t h e  t i m e  mean p r o p e r t i e s  and 
s t e a d y  mean flow t h e  equat ion  becomes 
. 
5 
us ing  the  n o t a t i o n  shown below 
and assuming a s i n u s o i d a l  shape f o r  t h e  convoluted tube ,  an i n t e g r a t i o n  can 
be ind ica t ed  y i e l d i n g  
n r  = a + s i n x  T\r  = a + s i n x  p r  = a +  sin 
The p r o p e r t i e s  and p red ic t ions  of t h i s  equat ion  were i n v e s t i g a t e d  and 
no resu l t s  were immediately found t o  i n d i c a t e  t h e  v a l i d i t y  of t h e  approach. 
It is  f e l t  t h a t  t h e  i d e a  does have merit and f u r t h e r  s tudy  w i l l  be  a f forded  
t h e  technique.  
A thorough s tudy  w a s  made during t h i s  r e p o r t i n g  per iod  of a r ecen t  Ph.D. 
d i s s e r t a t i o n  on t h e  s u b j e c t  of "Flow over  a Rough Surface" by H.  W. Townes [2]. 
Townes made ex tens ive  measurements of  v e l o c i t y  d i s t r i b u t i o n s  of che fiow of 
water over  t r a n s v e r s e  square  c a v i t i e s .  
channel  type ,  t h e  r e s u l t s  were app l i cab le  he re  e s p e c i a l l y  f o r  t h e  many photo- 
graphs of t h e  flow. Exce l len t  r e s u l t s  of a dye method of flow v i s u a l i z a t i o n  
w e r e  of va lue  s i n c e  t h e  s tudy  concentrated on t h e  reg ion  of i n t e r a c t i o n  between 
t h e  c a v i t y  flow and mainstream flow. This  s tudy  coupled wi th  f u r t h e r  s tudy  of 
Although t h e  flow w a s  of t h e  open 
6 
Laufer ' s  work [ 31 prompted cons idera t ion  of t he  s i g n i f i c a n t  dimensionless  
groups involved i n  t h e  problem. It was f e l t  t h a t  t h e  c h a r a c t e r i s t i c  l eng th  
dimension t o  desc r ibe  t h e  s u r f a c e  roughness should be  recons idered .  The 
+ 
average roughness h e i g h t ,  as used by Nikuradse i s  no t  appropr i a t e  f o r  con- 
volu ted  tubing.  A s  another  p o s s i b l e  c h a r a c t e r i s t i c  s u r f a c e  dimension, t h e  
r a t i o  of t h e  convolut ions '  volume t o  s u r f a c e  area, w a s  s tud ied .  This  parameter 
may be  w r i t t e n  as 
I *  2 + E/D 1/E + 1/D + 2/5 + E/SD &/a 1. 4 
Pre l iminary  i n d i c a t i o n s  are t h a t  t h i s  l eng th  would be  s a t i s f a c t o r y  b u t  no 
s i g n i f i c a n t  advantage would b e  gained by i t s  use.  
Poss ib ly  a more reasonable  choice of a non-dimensional q u a n t i t y  t o  
c h a r a c t e r i z e  t h e  s u r f a c e  roughness is t o  be found wi th  dimensional ana lys i s .  
Assuming t h e  p e r t i n e n t  v a r i a b l e s  t o  be Tw, p ,  v, and some geometric l eng th  
such an a n a l y s i s  w i l l  p r e d i c t  t h e  fol lowing s i g n i f i c a n t  dimensionless  number 
where V$ is t h e  shea r  v e l o c i t y  de f ined  by VT = A , or VT 
P 
i n  t h e  clase proximity of t h e  w a l l  "using t h e  s i m i l a r i t y  parameters  VT and V/VT 
t h e  f low f i e l d  i n  t h i s  reg ion  w a s  shown t o  be  independent of t h e  Reynolds number'' 
number" [ 3 7  . I n  t h i s  case t h e  c h a r a c t e r i s t i c  l eng th  is  t h e  r a t i o  v/VT. 
It seems only reasonable ,  however, t h a t  t h e  q u a n t i t y  used t o  c h a r a c t e r i z e  
t h e  roughness  elements be  i n  Some way r e l a t e d  t o  some c h a r a c t e r i s t i c  dimension 
. 
7 
of t h e  mainstream tu rbu len t  flow. 
Hinze E41 ca l l s  t h e  micro scale or  d i s s i p a t i o n  scale of tu rbulence .  
Such a q u a n t i t y  i s  t o  be  found i n  what 
With t h e  above d e f i n i t i o n s  of a c h a r a c t e r i s t i c  dimension of s u r f a c e  
conf igu ra t ion  t o  choose from,the s e l e c t i o n  i s  by no means obvious. However, 
i t  i s  f e l t  t h a t  t h e  l a t te r  course o f f e r s  t h e  most reasonable  choice.  The 
advantage t o  be  gained by incorpora t ing  t h e  micro scale of t h e  mainstream 




A. Data Acquis i t ion  
Experimental  e f f o r t s  included system blowdown type  s t u d i e s  as w e l l  as 
s t u d i e s  on t h e  en t rance  e f f e c t s  i n  t h e  f l e x i b l e  metal hose.  The r e s u l t s  of 
t h e s e  s t u d i e s  are presented  below. 
B. Entrance E f f e c t s  
The en t r ance  e f f e c t s  tes t  s e c t i o n  as descr ibed  i n  Quar te r ly  Progress  
Report No. 6 w a s  used i n  obta in ing  t h e  test r e s u l t s  d i scussed  below. The 
temperature ,  flowmeter reading ,  and var ious  p re s su re  readings  were made and 
recorded as previous ly  repor ted .  Addi t iona l ly ,  twelve p re s su re  d i f f e r e n c e s  
are observed and recorded along the length  of t h e  hose relative t o  t h e  hose 
en t r ance  p res su re .  
d i s t r i b u t e d  from t h e  en t rance .  
The a x i a l  l o c a t i o n  of t h e s e  p o i n t s  are loga r i thmica l ly  
From t h i s  information,  i n  add i t ion  t o  t h e  Reynolds number and f r i c t i o n  
f a c t o r  f o r  t h e  e n t i r e  l eng th  of hose, t he  f r i c t i o n  f a c t o r  between t h e  hose 
en t r ance  and any of t h e  var ious  downstream p res su re  t aps  may be ca l cu la t ed .  
A computer program has been prepared f o r  t h e  I B M  1620 i n  FORTRAN t o  
accomplish t h i s  r educ t ion  and i s  presented  i n  Appendix A. 
The r e s u l t s  of pre l iminary  s t u d i e s  i n d i c a t e  t h a t  t h e  f r i c t i o n  f a c t o r  had 
an  apprec i ab le  v a r i a t i o n  only i n  the  upstream 1% f e e t  of t h e  hose a t  Reynolds 
numbers of 0.466 x l o 5  and a t  0.576 x 10 5 . However, as t h e  Reynolds number 
w a s  i nc reased ,  t h e r e  w a s  a v a r i a t i o n  throughout t h e  hose l eng th  and a t  h ighe r  
Reynolds numbers - g r e a t e r  than  0.165 x lo6  - a mani fes t ion  of e x i t  e f f e c t s  
appeared.  The r e s u l t s  of t h e s e  s t u d i e s  are presented  as Figure 5. 
CONCLUSIONS AND RECOMMENDATIONS 
A. Conclusions 
Progress  toward accomplishment of t h e  s t a t e d  ob jec t ives  has been made 
but  no t e c h n i c a l  conclusions need be i t e r a t e d  a t  t h i s  t i m e .  These w i l l  be  
expounded i n  t h e  second In t e r im  Report t o  be  submitted i n  June,  1966. 
B. Recommentations 
It i s  recommended t h a t  continued emphasis be placed on t h e  system a n a l y s i s  
and t h e  experimental  e f f o r t  t o  a s c e r t a i n  t h e  flow c h a r a c t e r i s t i c s  i n  f l e x i b l e  
metal hose of var ious  conf igura t ions .  
Addi t iona l  e f f o r t  should be d i r e c t e d  toward i n t e r n a l  l o c a l i z e d  v e l o c i t y  
measurements i n  order  t o  a r r i v e  a t  some p o s s i b l e  design c r i te r ia  which might 
l e a d  t o  more e f f i c i e n t  conf igura t ions  r e l a t i v e  t o  flow l o s s e s .  
Expanded e f f o r t  i n  t h e  d i r e c t i o n  of f l u i d  t r a n s i e n t s  would b e n e f i t  t h e  
s tudy  of t h e  Pogo E f f e c t  on l i q u i d  rocke t s .  
t i ca l  e f f o r t  t o  e s t a b l i s h  a genera l ized  system of equat ions  which would accommo- 
d a t e  va r ious  geometr ical  conf igura t ions  and en t rance  condi t ions  i n  o rde r  t o  
e s t a b l i s h  t h e  behavior  of f l u i d  t r a n s i e n t s  in t h e  f u e l  and oxidant  l i n e s  i n  t h e  
r o c k e t s .  
This  would b e  p r imar i ly  an  analy- 
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Appendix A 
FLOW DIAGRAM FOR ENTRANCE EFFECT PROGRAM 
Enter Lengths, 
Run No., Recorder, 
Section, Geometry, 
Zero Hg and H20 
\ Temperature, Baro, Pressure T Pressure to PSIA 
7 Punch Run No. 
Date, Recorder, Temp. 
Geometry, Barometric 
Calculate 










\ Flowrate and Convert 
Pressure to PSIA 
eynolds Number Friction Factor, 
Upstream Pres. of each section 
\ Meter Pressure / 
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C ENTR4NCE EFFECT STUDY 
DIMENSION D E L P ( 1 2 1 9  X L ( 1 2 9 9  F ( 1 2 )  
C ENTER LENGTHS 
N = 1 2  
DO 89  I = l , N  
READ 25, X L I J )  
2 5  FORMATfF10.5) 
X L ~ I ~ ~ X L ~ I ~ ~ ~ Z ~ O  
8 9  CONTINUE 
WAT=O 0 0 3 6 1 3  
GC=320172  
I 
P I=3 .14159  
100 READ lr IRUN*DTl,DT2,REC,SEC 
1 FORMAT(I3,AS*A2,A3rA?) 
READ 3 O , D A T A , W l ~ W 2 , W 3 , D I A T , R , D R , P  
3 0  FORMAT(A3,ASrA5,A5,F5.3,F8.4,2F7.4~2F7.4) 
I 
8 1  CONTINUE 
READ ~O~*TEMPIBARP,ZERO,ZEROW 





3 FORMAT(5H RUN r I 3 9 5 X 9 5 H D A T E  ,AS,A2,5X,12HREfORDEO BY , A 3 9 / / )  
4 FORMAT(1H ~ A ~ * ~ A ~ , F ~ . ~ ~ ~ X V ~ ~ H T E M P E R A T U R E  = F 5 r l l  
5 FORMAT(IH ,22HBAROMETRIC PRESSURE = F 6 0 2 9 5 H  P S I A / / / )  
XMU=EXPF(-llo4227+0oOOl49479l*TEMP) 
D I A T = D I A T / 1 2 o O  
ALPHA=0.18182€-03 
BEfA=Oo0078E-06  
T = ( 5 . 0 / 9 o O ) + ( T E M P - 3 2 ~ 0 )  
VOL=848o8+(1.O+ALPHA+T+BETA+T+T) 
HG=VOL/1728,0 
6 READ ~ ~ , P M E T E ~ P U P , I C H A N I I C P S  
1 3  FORMAT(2F lOe5 ,215)  
IF (PMETE)308 ,315 ,308  
GO TC! IQC) 
3 1 5  CONTTNUE 
308 CONTINUE 
C ENTER PRESSURE CHANGE, DELP 
DO 99 I = l r N  







C CHANNEL 1 CPS = 25.O*CFM 
c CHANNEL 2 CPS = 3,0*CFM 
GO V01619,62@r621,h22p,TCHAN 
619 
59 TO 3 2 3  
4 2 0  CFM=CPS/?* 0 
623  PlJP= PUP-ZERO 9 *2 e O*HG 
DO 8 T=l,N 
C F '/f= C P 5 / 2 5 0 
D E L P ( I ) = ( D E L P ( I ) - Z E R ~ ) ~ % * ~ ~ ~ H ~  
D E L P ( I ) = A R S F I D E L P l f P )  
8 CONTINUE 
- GO TO 6 2 4  
6 2 1  CFY=CPS/25eO 
622 CFM=CPS/3 0 
626 PUP=(PUP-ZEROW)*2.0+WAT 
GO TO 626 
DO 11 1=19hl 
DELP(I )=(DELP(I ) -ZEROW)+2.O*WAT 











DO 1 2  I l l r N  
IF( r -1)  77978977 
78 PUNCH 101, REYUP 
79 PUNCH 1 0 2 9  PMETE 
8 0  PUNCH 1 0 3 9  PUP 
F ~ I ~ ~ 2 ~ O * O E L P ( ~ ) ~ ~ 4 4 ~ O ~ D l A T + G C / ~ X L ( I l + R H O U P * V U P * V U P ~  
101 FORMAT(2Xvl lHREYNOLDS = E l O o 3 / )  
102 FORMAT(2Xsl lHPMETER = F6.395H P S I A I 1  
103 FORMAT(2X9l1f lPRESt.JP = F 6 0 3 9 5 H  P S I A I )  
111 F O R M A T ( ~ X T ~ ~ H M A S S F L O  = F 6 0 3 9 5 H  L B / S / / )  
142 PUNCH 150 
150 F O R M A T ( 7 H S E C T I O N ~ 3 X , 7 H F F A C T O R ~ 4 X 9 6 H D E L T A P ~ 4 X ~ 6 H L E N G T H / / )  
77 CONTINUE 
143 PUNCH 187, I I F ( I ) ~ D E L P ( I ) , X L ( I )  
187 FORMAT( 1793F10.5)  
P!JP!'?c!-! ?Ilt XLRSE 
IF (1 -121  1 2 9 7 1 1 2  
7 PUNCH 9 
9 FORMAT( / / / )  
1 2  CONTINUE 
GO TO 6 
END 
14 
RUN 201) DATE 2 / 2 3 / 6 6  RECORDED BY JHM 
F8 FLEXONICS 1000 TEMPERATURE = 66.0 
BAROMETRIC PRESSURE = 14.65 PSIA 
REYNOLDS = Oe466E+O5 
PMETER = 1.109 P S I A  
PRESUP = 0621 P S I A  
MASSFLO = 0037 L B / S  





































REYNOLDS = 00576€+05 
PMETER 3 10664 P S I A  
PRESUP = 0932 P S I A  
MASSFLO = 0046 L B / S  
SECTION FFACTOR DELTAP 
1 011188 
e09954 2 






















' r T C L 9  

















































a 1 4 8 9 4  
014104 
a13877 
1 2 2 8 4  
P S ? A  
F S I A  
L R / S  










1 e 90996 
2.15640 
2.64929 
REYNOLDS = 0.165E+06 
PMETER = 12.630 P S I A  
PRESUP = 1 1 0 5 2 1  P S I A  
MASSFLO = 0 1 3 1  L B / S  















e 14133  
e12914  
0 1 3 7 5 6  
014562 
0 1 4 8 0 2  
0 1 5 6 6 0  
16717 
e18415 






















2 0 6 3 0 2 1  
3.33854 








1 e 1 1 9 7 9  
1.53646 
2 0 0 6 2 5 0  
2.63021 
3.33854 






REYNOLDS = 0e233E+06 
PMETER = 23.351 P S I A  
PRESUP = 220119 P S I A  
MASSFLO = e184 L B / S  



































2 1 13274 
REYNOLDS = Oe299€+06 
PMETER = 340934 P S I A  
PRESUP = 32.962 P S I A  































































































































































Figure 3 .  Loss Coef f i c i en t  f o r  Pressure  Regulator 
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